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Abstract
The analytical merits of a Helium Discharge Detector (HDD) 
for gas chrom atography, including limits of detection, linear 
response range, se lectiv ity , and re la tive  response, w ere  
evaluated for various brominated/chlorinated organic compounds. 
Limits of detection as low as 3 pg for chloroform were obtained, 
and the response of the HDD was determined to be dependent 
solely on the mole amount of halogen present. Application of the 
HDD to the quantitation of trace organohalogens in water samples 
was also investigated.
QUANTITATION OF ORGANOHALOGEN COMPOUNDS
Chapter I
Halogen Selective Detectors for Gas Chromatography
There are many different detectors available for use with GC. 
The decision of which type of detector is most applicable to a 
particular task is usually based on a variety of factors. After 
eliminating the detectors that cannot perform the necessary tasks, 
the pros and cons of the remaining systems can be evaluated to 
choose one that is most compatible with current needs. There are 
certain  attributes which are considered very desirab le  for a 
detector that should be considered for evaluation. A list of criteria 
that should be considered for an appropriate detector includes the 
fo llo w in g :
1) adequate sensitivity (which is dependent on user objectives), 2) 
good stability and reproducibility, 3) a linear response to analyte 
concentrations over several orders of magnitude, 4) operational over 
a tem perature range from room temperature to 4 0 0 °  C, 5) a short 
response time to the analyte that is independent of column flow 
rate, 6) high reliability and ease of use, 7) similarity in response to 
all solutes or high predictability and selective response toward one 
or more classes of solutes, and 8) non-destructive to the solute if 
p o s s ib le .1 There are currently no GC detectors which meet all of 
these criteria yet a detector should m eet the criteria, considered 
most important for a particular application.
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Halogenated compounds constitute the largest fraction of 
priority pollutants as designated  by the U .S . Environm ental 
Protection Agency (E P A ), with 76 out of the 114 designated  
com pounds contain ing fluorine , ch lorine , brom ine or som e  
com bination of th ese .2 Thus, the need to develop versatile and 
sensitive detectors for these species is highly justified. There are 
currently a number of different detectors available which provide 
varying degrees of selective detection for halogenated compounds.
The most common detector for halogenated compounds is .the  
electron capture detector (ECD). The detector is not truly element 
selective with respect to detecting only halogenated species. The 
ECD responds selectively to highly electrophilic species containing 
halogen, oxygen, and nitrogen. The detector functions by having the 
carrier gas pass over a beta-em itter such as Nickel 63, which 
causes the carrier gas to ionize and produce a constant current. The 
number of ions decreases in the presence of molecules that "capture" 
electrons, thus the detector measures a decrease in the current 
from the removal of electrons by electrophilic species. One reason 
that the ECD is such a popular detector is because of its high 
sensitivity, with detection limits in the subpicogram range for some 
halogenated compounds.3 The ECD is also non-destructive to analyte 
species, which is advantageous with respect to options such as 
interfacing to a mass spectrom eter. Two drawbacks of this
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detector, however, are that the linear response only spans about two 
orders of magnitude and the response is very dependent on the 
com pound structure. For exam ple, the limit of detection for 
d ich lo ro m e th a n e  is 4 5 0 0  pg as opposed to 9 pg for 
t r ic h lo ro m e th a n e .4 The response to isomeric species can vary 
greatly as well. For example, the signal observed from 1 ng of 2- 
chlorobiphenyl is approxim ately  ten tim es less than for 4 - 
c h lo ro b ip h e n y l.5 Thus, the need for accurate response factors is 
required for quantitative purposes.
Another element selective detector that has gained acceptance is 
the Flame Photometric Detector (FPD). Compounds pass through a 
H 2 /O 2 flam e, from which excited atoms and simple molecules are 
produced. The FPD is widely used for the detection of phosphorus 
and sulphur by monitoring emission from PO and S2 res p ec tiv e ly .6 
The FPD can also be used for the detection of halogenated compounds 
by inserting an indium pellet near the flame tip in the detector.7 
The chlorine and bromine decomposition products react with the 
indium to give excited indium halogenides. As the halogenides 
return to the ground state, characteristic molecular band emission 
can be monitored at 359.9 nm for Cl and 372.7  nm for Br. The 
detection limit on a dual flam e detector is 1x10_ 11 g/sec for 
chlorine com pounds with a linear range over four orders of 
magnitude. The selectivity for Cl is between 1000:1 and 10000:1 
re lative  to hydrocarbons and 100:1 re lative  to sulphur and
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phosphorus com pounds. Several problems are associated with the 
FPD. First of all, the stability of the signal is limited by deviations 
caused by flame flicker. A second disadvantage of the FPD is that 
large solvent injections can cause the flame to extinguish. One last 
draw back is that the instrum ent param eters need to be finely 
controlled because small deviations in the carrier or the flame gas 
flow rates can cause significant variations in the sensitivity of the 
detec to r.
A detector that has not found as much acceptance is the 
Microcoulometric Detector (M CD). In the MCD system analytes react 
with an electrochemically generated species. The response is based 
on the m agnitude of the current required to reestablish an 
equilibrium for the electrochemical species. The MCD is selective 
toward sulphur, nitrogen and the halogens depending on the 
electrochemical reagent used. The major drawback of this detector, 
and the reason why it has not generated more appeal, is due to the 
poor detection limits which are at the microgram level.8
The Hall Electrolytic Conductivity Detector (H EC D ) has been 
widely used as an element selective detector for halogens. The HECD  
operates by passing the sample into a helium flow, which then 
proceeds into a pyrolysis zone where the compounds are decomposed. 
The decomposition products come into contact with the liquid phase 
( e.g ., deionized water) and are absorbed, forming an electrolyte
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solution. The response of the detector is based on the change in the 
conductivity of the liquid phase. The HECD is selective with respect 
to halogen, nitrogen and sulphur compounds. Although the HECD has a 
large linear response range, the limits of detection are far less than 
those achieved with the ECD. Typical limits of detection are at the 
nanogram level.3 The HECD response also appears to be dependent 
only on the gram amount of halogen present and independent of 
compound structure.
One of the most promising detectors for elem ent selective 
detection is the M icrowave Induced Plasm a (M IP ). The first 
commercial instrument based on the MIP detector was recently 
announced at the 1989 Pittsburgh Conference by Hew lett-Packard.9 
The plasma is generated by irradiating flowing helium contained in a 
quartz tube with microwave radiation. The free electrons in the 
cavity gather enough energy from the electromagnetic field to cause 
fragmentation of sample molecules passing through the plasma. The 
emission produced from excited atoms can then be monitored at 
respective analyte atomic wavelengths. There are many advantages 
of this detector compared to those previously discussed. The MIP  
response to the varying compounds is based solely on the gram  
amount of the elem ent present.10 Other detectors mentioned are 
influenced by the chemical environment of the element, thus each 
com pound can have different response factors which must be 
calibrated relative to some selected internal standard. The
6
detection limits with the MIP are also quite good, typically in the 
nanogram to picogram range for a large number of elements.11
There are several drawbacks to the MIP as well. First of all, the 
MIP has a problem of interfering spectral emissions due to excited 
species such as CN, C2 , and CH. Another handicap of the MIP is that 
an injection of a large solute sam ple will cause the flam e to 
extinguish. The solvent from an injection must be vented away from 
the p lasm a before allowing the column eluents to enter the 
p la s m a .10*11 The intense heat that is associated with the discharge 
often causes the quartz tube to frost, thus reducing sensitvity. A 
final draw back of the detector is the need for optim ization of 
several operational parameters ( eg., viewing location, flow rate) to 
achieve the best analytical performance for each elem ent.12
As can be seen from the previous description, there are many 
different types of detectors, each with its own merits as well as 
drawbacks. The elem ent selective detectors offer the greatest 
versatility with respect to simplifying chromatographic detection in 
very complex mixtures. With the exception of the M IP, these  
detectors are still limited in scope to the number of elements which 
can be detected. At present there is still a need for a detector of 
comparable advantages to the MIP, that is much simpler in operation 
and free of the problems previously mentioned.
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A detector developed in this laboratory that shares the same 
advantages of the M IP , yet does not suffer from many of the 
disadvantages, is the Helium Discharge Detector (H D D ).13 The HDD  
does not require optimization for each element and has no problems 
with plasma extinguishment. The limits of the HDD for the halogens 
are also superior to those of the M IP, reaching the low picogram  
leve l.
Previous work in this laboratory has indicated that the response 
of the HDD is based solely on the mole amount of halogen present. 
P olych lo rinated  b iphenyls w ere  successfu lly  q u an tita ted  * by 
incorporating a single internal standard into injected solutions to 
calibrate the area generated per mole amount of Cl present.14 The 
com positions of these m ixtures w ere exclusively halogenated  
aromatic compounds, and no attempt was made to see if the same 
methodology could be applied to a broader class of organohalogen 
compounds.
The objectives of this research were to determine the detection 
limits, linear response, selectivity, and molar response for bromine 
and chlorine containing organic compounds using the HDD. In 
particular, halogenated hydrocarbons commonly found or designated 
as priority pollutants were evaluated. Also applications of the 
detector for use in determining trace haloform content in w ater 
samples was investigated.
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Chapter II 
Helium Discharge Detector
1. System Description
A detailed schematic diagram of the helium discharge detector is 
shown in Figure 1. The discharge is contained within a quartz tube 
with a 3 mm outer diameter and 1 mm inner diameter. The tube is 
sealed into a stainless steel heater block by a Swagelok fitting and 
extends up through a two centimeter stainless steel electrode which 
is attached to a variable frequency, high voltage power supply. The 
discharge generated in this two centimeter region of the quartz tube 
is referred to as the primary discharge region. The quartz tube 
extends an additional two centimeters beyond the primary discharge, 
at the tip of which is a stainless steel grounding electrode. The 
grounding electrode provides a current path from the primary 
discharge through capacitive coupling with the ground. This region 
of the discharge is referred to as the secondary discharge region, 
from which spectral emission can be monitored.
The capillary column from the gas chromatograph passes up 
through the quartz tube and ends at the top of the primary discharge 
region. Approximately 10 cm of the polymeric coating on the end of 
the capillary column must be removed to prevent decomposition
9
Figure 1
Schem atic D iagram  of Helium Discharge Assembly
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from attack by the primary discharge, which subsequentiaily leads 
to the formation of deposits on the quartz tube. The heater block is 
regulated at a temperature 10-20°C  greater than the highest GC oven 
temperature anticipated for a given GC run in order to prevent cold 
spots in the column from the oven to the discharge region, which can 
result in chromatographic peak broadening. Analyte species are 
eluted directly into the secondary discharge region, from which 
c h a ra c te ris tic  a tom ic  em ission produced from  the eluting  
compounds is monitored. The primary advantage of having the 
compounds elute in the secondary discharge region is that the 
extinguishm ent or quenching of the primary discharge is not a 
problem. Even if the eluting solvent extinguishes the secondary 
discharge, the discharge will be im m ediately regenerated upon 
passage of the solvent by continual regeneration from the primary 
discharge which is unperturbed by the eluting species. This is in 
direct contrast to other plasm a system s w here solvents and 
analytes enter directly into the region where the plasma is produced.
A schematic diagram of the entire G C-HDD is shown in Figure 2. 
Chromatographic grade helium is passed through a heated purifier 
(Supelco) to remove traces of water, oxygen and various other 
organic contaminants prior to entering the detector. The gas flow 
rate is monitored by a digital flow sensor (Hastings, Model ST- 
500G ). The emission produced in the secondary discharge due to the
1 1
Figure 2 
Schematic Diagram of GC-HDD
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eluting compounds is focused by a calcium fluoride lens onto the slit 
of a 0 .5  m Czerny-Turner monochromator. The dispersed radiation 
from the m onochrom ator is detected by a photom uliplier tube 
coupled to a multi-range picoammeter. The resulting signal can be 
s im u ltan eo u s ly  reco rd ed  on a strip  ch a rt reco rd er and  
chromatographic integrator. Most of the research time devoted to 
this project utilized a Shim adzu Model C R 3A  chrom atography  
integrator, with the rem ainder being perform ed on a recently
acquired PC based data acquistion/analysis system (Axxiom).
*
A Carlo Erba Capillary Gas Chromatograph equipped with on- 
column injection was used for all separations. A 1.5 m guard column 
was inserted between the injector and analytical column to protect 
the analytical column from deposits and subsequential loss of 
resolution due to sam ple impurities. Injection volum es were  
typically 0 .5 -1 .0  uL. A summary of the operating parameters used 
for the HDD, spectrometric system, and GC are given in Table 1.
2. Excitation Process
The process through which molecules undergo dissociation to 
produce characteris tic  atom ic em issions in the H D D  is not 
completely understood at this time. Previous work has indicated 
that excitation tem peratures in the discharge are on the order of 
2 5 0 0 K ,15 which is substantially lower than those observed with 
typical plasm a sources (5 0 0 0 -8 0 0 0 K ).16 The characteristic
1 3
Table 1
Overview of Operating Parameters
Helium Discharge Detector
Helium flow  
V o ltag e  
Frequency* 
Load Power*
rate 60 ml/min 
6500 V (RMS) 
176 kHz 
60 W
* Model HPG-2 (ENI Power Systems) 
Soectrometric System
Monochromator 
Bandpass (fwhm) 
Photom ultiplier tube 
PMT voltage 
A m p lif ie r  
In te g ra to r
0.5m (Minuteman, Model 305M )
0.35 nm (150 micron slits) 
R758 (Hamamatsu)
1060 V (Keithley Model 247) 
Keithley Model 485 picoammeter 
Schimadzu Model CR3A  
Axxiom Chromatography Data 
System 
IBM-PS/2 E21
Gas Chromatographic System
G.C.
Injection mode 
Carrier gas 
Column
Carlo Erba Model 4180  
On-column  
Helium  
DB-5, 30m x 0.25 i.d. 
(J&W Scientific)
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background emission from He excitation indicates that there 
is probably a substantial He population in both the singlet and 
triplet states, with energies on the order of 19-21 eV . These  
species are probably produced through energy transfer from  
electrons generated  by the high voltage electrode. Collisional 
energy transfer from the m etastab le  He species to analyte  
m olecules causes dissociation and subsequent atomic excitation. 
W hether this process occurs through single or multiple collisions is 
unclear. The primary advantage of helium over other gases used in 
plasm a sources (Ar, N 2 ) is that the m etastable energies are  
sufficient to produce characteristic atom ic excitation from every  
element in the periodic table.
1 5
Chapter III
Analytical Merits of the Helium Discharge Detector
I. Limits of Detection and Linear Response
Two important factors in choosing an appropriate detector are 
the linear range of response and the limits of detection. The linear 
range is considered the span of concentration levels over which the 
detec to r m aintains a constant sensitiv ity within an arbitrary  
deviation. A detector with a large linear range is very convenient 
because a calibration curve can be set up over a wide range of 
concentrations for each analy te  with only severa l standard  
solutions. For example, the FID has a linear response range that 
spans seven orders of magnitude as opposed to the ECD which spans 
only two orders of magnitude. Thus for the FID, a calibration curve 
can be generated from a much smaller set of standard solutions to 
cover a broad range in concentrations. In addition, the precision 
obtained for determining concentrations from an ECD calibration  
curve would probably be poorer.
The limit of detection is the minimum quantity of a given 
compound that will produce a signal which is two or three times 
greater than the background noise. This factor is extrem ely  
important with respect to adequately detecting the compound of
16
interest for a particular type of analysis. Detection limits on the 
order of part per billion levels are typically required for the 
determination of trace levels of organohalogen compounds. The ECD  
can detect m ulti-halogenated compounds at the part per billion 
level, but for compounds that only contain one or two halogens the 
detection limit is considerably poorer.
The linear range of response and limits of detection for the HDD  
w ere determ ined for both chlorinated and brom inated organic  
compounds using the following procedure. Two stock solutions 
conta in ing  a num ber of ch lorinated  a liphatic  and arom atic  
compounds were prepared by adding 0.100 g of each compound to a 
10 ml volumetric flask and diluting to volume with pentane. Two 
mixtures were necessary due to inadequate peak resolution for 
several of the compounds studied. Serial dilutions were made to 
give concentrations of 100, 10 , 1.0 , 0.3 , and 0.1 pg/ml. A similar 
set of solutions were prepared for bromine compounds. A mixture of 
compounds containing both bromine and chlorine was also prepared 
at 0.1 jug/ml levels for limit of detection evaluations. A list of all 
compounds used in this study with pertinent physical constants is 
given in Table 2.17
The resulting solutions were immediately chromatographed to 
prevent errors due to evaporative losses or possible reactions of the 
compound mixtures. Chromatograms were obtained using an elution
17
Table 2
Physical Properties of Evaluated 
Organohalogen Compounds
Compound
Cl Mix I
ch loro form  
1 ,1 ,1 -tr ic h lo ro e th a n e
1 .2-d ich loropropane
1 .1 .2 -tr ic h lo ro e th a n e  
te tra ch lo ro e th y len e
1 .1 .2 .2 -te tra c h lo ro e th a n e  
Cl Mix II
carbon tetrachloride  
tr ic h lo ro e th y le n e
1 .3-d ich loropropene  
chlorobenzene
1 .4 -d ich lo rob u tane  
p-dichlorobenzene
0-d ich lorobenzene  
Br Mix
1-brom opropane  
dibrom om ethane
1 .2 -d ib rom oethane  
brom oform
2.3 -d ib rom obu tan e
1 .3-dibrom opropane  
carbon tetrabrom ide
1 .4-d ib rom obutane  
p-dibrom obenzene
1 ,1 ,2 ,2 -te trab ro m o e th a n e  
Br/CI Mix
brom odichlorom ethane  
chlorodibrom om ethane  
1 -b ro m o -4 -ch lo ro b u tan e
2-brom ochlorobenzene  
1-brom o-2 ,3d ich lo robenzene
Molecular Density b.p.
Weight (g/ml) ( ° C )
11 9 .4 1 .4 9 2 61
1 3 3 .4 1 .3 3 8 7 5
113 .0 1 .1 5 6 9 5
13 3 .4 1 .4 3 5 1 1 3
16 5 .8 1 .6 2 3 121
16 7 .8 1 .5 8 6 1 4 7
15 3 .8 1 .5 9 4 7 7
13 1 .4 1 .4 6 4 8 7
111 .0 1.181 1 0 6
11 2 .6 1 .1 0 7 1 3 2
127 .0 1 .1 6 0 1 6 2
147 .0 1.241 17 3
147 .0 1 .3 0 6 1 7 9
123 .0 1 .3 5 4 71
173 .9 2 .4 7 7 9 7
187 .9 2 .1 8 0 131
2 5 2 .8 2 .8 9 4 1 5 0
2 1 5 .9 1 .7 89 161
2 0 1 .9 1 .9 89 1 6 7
3 3 1 .7 2.961 1 9 0
2 1 5 .9 1 .8 0 8 1 9 7
2 3 5 .9 1.841 2 1 9
3 4 5 .7 2 .9 6 7 2 4 4
16 3 .8 1 .9 80 8 7
20 8 .3 2.451 12 0
17 1 .5 1 .4 8 8 1 7 5
19 1 .5 1 .6 3 8 2 0 4
2 2 5 .9 2 4 4
1 8
te m p e ra tu re  program  of 3 5 ° C  (2 min) - 5 °C /m in  - 1 5 0 °C  . 
Chromatograms were monitored at 837.6 nm for Cl and at 827.2  nm 
for Br. The series were chromatographed starting with the most 
dilute solution to avoid the possibility of residual contamination in 
the syringes. Integrated peak areas from the chromatography data 
station w ere adjusted to account for the various full scale  
am p lifica tio n s  requ ired  on the p ico a m m ete r to co ver the  
concentration ranges studied.
Plots were then prepared of the log of the relative area versus 
the log of the picograms of the compound present, with slope and 
correlation coefficient calculations. Limits of detection w ere  
calculated from the most dilute solutions and based on the amount 
of compound necessary to produce a signal to noise ratio of three 
(peak height three times greater than the average deviation in the 
background signal).
A typical calibration curve is shown in Figure 3 for 1,1 ,1- 
trichloroethane. For the chlorine compounds the linear range was 
typ ically  well over th ree orders of m agnitude. Correlation  
coefficients calculated from a least square fit gave values ranging 
from 0.9972 to 0.9996. These values are very good considering that 
the reproducibility of injections at the m icroliter level can vary  
from 5 to 10 percent. The linear range for the bromine compounds 
w as
19
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Figure 3
Calibration Curve for 1,1,1-Trichloroethane
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slightly lower, spanning over two and a half orders of magnitude. 
This factor is mainly attributed to the higher concentration required 
to detect brom ine. No attem pt was m ade to go to higher 
concentrations due to the limited capacity of the capillary column. 
The slopes for the graphs ranged from 0.806 to 1.00 which implied 
that the detector response was essentially proportional to the gram  
amount of Cl or Br present.
The limits of detection obtained for 32 chlorine, bromine and 
bromo-chloro compounds are listed in Table 3. Limits of detection 
given in the literature for the M IP 18, ECD3 , and H ECD 3 for some of 
the compounds studied are given as well for comparative purposes. 
The detection limits for the compounds tested ranged from 3 pg for 
chloroform and carbon tetrachloride to 29 pg for p-dibromobenzene.
One would expect that similar compounds relative to the number 
of halogen atom s present (e .g . 1 ,2-d ichloropropane and 1,3- 
dichloropropene) should have similar limits of detection. However, 
the limits of detection are defined not only by the detector 
response, but also by chromatographic retention. As elution times 
increase, the peaks becom e broader and relative peak heights 
decrease. Calculations were based on peak heights. Limits of 
detection are thus substantially influenced by retention times since 
the detection limits obtained decrease as elution time increases.
21
Table 3
Absolute Limits of Detection (in picograms)
COMPOUND HDD MIP ECD HECD
chlorobenzene 1 2 1 7 0 0
1 ,2-d ich loropropane 9
1 ,3 -d ich lo rop ro pene(c is ) 5
1 ,3-d ich lo rop ro pene(trans) 5
1 ,4 -d ich lo rob u tane 8
p-dichlorobenzene 9 4 5 0 0
o-dichlorobenzene 1 2 4 5 0 0
ch loro form 3 5 6 0 9 5 0 0
1 ,1 ,1 -tr ic h lo ro e th a n e 5
1 ,1 ,2 -tr ic h lo ro e th a n e 7
tr ic h lo ro e th y le n e 4 6 5 0 18 1 5 0 0
carbon tetrachloride 3 1 0 0 0 0 .9 5 0 0 0 0
1 ,1 ,2 ,2 -te tra c h lo ro e th a n e 1 0 6 3
te tra c h lo ro e th y le n e 8 8 0 0 5
1-brom opropane 1 2
dibrom om ethane 9
1 ,2-d ib rom oethane 1 0
1 ,3-d ib rom obutane 1 8
1 ,4 -d ib rom obutane 2 9
2 ,3 -d ib rom obu tan e 1 8
p-dibrom obenzene 2 9
brom oform 1 2 3 2 0 1 8 7 5 0 0
carbon tetrabrom ide 19
1 ,1 ,2 ,2 -te trab ro m o e th a n e 2 6
brom ochlorom ethane 9
2-brom o-1 -ch lo ropropane 6
1 -b ro m o -4 -c h lo ro b u ta n e 6
brom ochlorobenzene 13
brom odichlorom ethane 1 8 6 2 0 5 2 5 0 0
chlorodibrom om ethane 1 6 3 9 0 9 1 0 0 0 0
1 -b ro m o -2 ,3 -d ich lo ro b e n ze n e  1 9
brom otrich lo rom ethane 13
22
T h e lim its of detection  a re  co m p arab le  to the EC D  for 
multihalogenated compounds and superior for compounds with one or 
two halogens and are superior to the MIP and HECD by several orders 
of magnitude. The linear range of the HDD is considerably better 
than the ECD and comparable to the MIP and HECD. These results 
indicate that the HDD has the elem ent selective versatility and 
linear range of the MIP with limits of detection similar to the ECD, 
thus combining the attributes of two detectors into one simple 
system .
23
2. Selectivity
An element selective detector based on the detection of atomic 
emission should ideally detect only the element of interest. This is 
usually not a reasonable expectation since the detection of other 
atomic or molecular emission will also occur if the concentration is 
high enough. Molecular emission as well as neighboring atomic 
em ission from  n o n -an a ly te  e lem ents  can po ten tia lly  cause  
significant background emission at selected analytical wavelengths. 
W hat should be expected is that a detector have a high selectivity 
toward the elem ent of interest to the extent that a much higher 
concentration of another compound is required to give the same 
response as that of the element of interest.
The selectivity of the HDD at the chlorine and bromine analytical 
wavelengths was determined as follows. A solution containing 20 
pg/p.1 carbon te trach loride , 100 ng/p l octane and 100 ng/jj.I 
dibrom om ethane in pentane was prepared for Cl selectivity. A 
solution containing 100 ng/pl carbon tetrachloride, 100 ng/pl octane 
and 80 pg/jxl dibrom om ethane in pentane was prepared for Br 
selectivity. Each solution was chromatographed and detected at the 
respective analytical w avelengths using the most sensitive full- 
scale amplification. A typical chromatogram for Cl selectivity is 
shown in Figure 4.
The selectivities obtained for the chlorine and the bromine 
analytical wavelengths are shown in Table 4. Selectivity ratios
24
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Figure 4
Chromatogram for Cl Selectivity 
Peak Identification (1) CCl4 (2 ) C H 2B r 2 (3 ) C8H I 8
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were calculated on the basis of the quantity of non-analyte species 
which would be required to obtain a peak area equivalent to the area  
produced by the analyte element of interest in each chromatogram. 
The selectivity of the chlorine to bromine at the Cl wavelength was 
9 ,100 . That is to say it takes a concentration of bromine 9,100  
tim es greater than the chlorine concentration to give an equal 
response on the chlorine channel. The selectivity of the chlorine 
over the octane was 552 . These levels of selectivity were  
considered substantial, and no other analytical wavelengths for Cl 
w ere evaluated.
In testing the selectivity of the bromine compounds, the samples 
w ere chrom atographed at four different Br analytical wavelengths. 
The selectivity of the Br to Cl was greatest at a wavelength of
863 .9  nm, with a selectivity of 1560. The selectivity of Br to Cl 
may actually be greater than the numbers indicate. The reason for 
this is the signal for the carbon tetrachloride appears to be 
attributable to the carbon, since the area observed at 827.2 nm and
863.9  nm for the carbon tetrachloride was approximately one-eighth 
the value of the octane which contains eight carbons. This would be 
expected if only the carbon were being detected. The selectivity of 
the Br to octane was greatest at a wavelength of 889.8 nm with a 
selectivity of 560. These numbers indiacte that 889.8 nm may be a 
more appropriate wavelength for Br to provide adequate selectivity,
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Table 4
Selectivity Ratios for Cl and Br
wavelength(nm) octane
-------------- selectivity ratio------------------
CH2Br2 CCI4
837 .2 (G ) 550 9 1 0 0 ------
8 2 7 .2 (B r) 60 ------ 4 6 5
8 6 3 .9 180 ------ 1 5 6 0
8 8 2 .5 310 -  -  - 5 8 0
8 8 9 .8 580 ------ ND*
* Not Detected
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however the background noise and the limits of detection were  
substantially poorer. This factor is illustrated in Figure 5 for the 
chromatograms obtained for Br at 827.2 nm and 889.8 nm.
These results indicate that a substantially larger concentration 
of a non-analyte impurity is required to give the same response as 
analyte species. Overall, the chlorine channel appears to provide 
more selectivity than the bromine channel. Nevertheless, the HDD  
can provide adequate freedom from spectral interferences generated  
from non-analyte species in the discharge to be considered element 
selective in nature. The cause for substantial emission from octane 
is unclear at this time, although molecular CO and/or CN emission 
may be produced from oxygen and nitrogen impurities in the 
discharge. A more substantial gas cleanup of these contaminants in 
the d isch arge  gas could possibly im prove the se lectiv ities  
considerably.
Previous investigations have indicated that the 889.8  nm
analytical w avelength should be approxim ately two times better
with respect to detection limits for B r.15 In this investigation a
silicon diode detector was used for near IR detection, and
intensities w ere adjusted for the detector response and grating
effic iency . Much higher Br concentra tions  w ere  used to
accommadate the poor quantum efficiency of the detector. There are 
currently no photomultiplier tubes available with both adequate gain
and low dark current to effectively utilize the higher near IR
w avelengths to im prove the selectivity as well as limits of
detection for bromine.
28
De
te
ct
or
 
Re
sp
on
se
F ig u r e  5
C h ro m a to g ra m  for  Br Selectivity a t  827.2 nm  and 889.8 nm
peak identification (1) carbon tetrachloride 
(2) dibromomethane, (3) octane
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3. Relative Response
The response of the HDD should be based solely on the mass of the 
Cl/Br present in each compound and not dependent on any other 
factors such as the chemical environment of the element. This is 
based on the assumption that the compounds are totally dissociated 
into free atoms, from which atomic emission is produced. Thus the 
response should be dependent only on the mole amount of halogen 
present which would allow for the quantitation of all species from a 
single calibrated internal standard, provided that the identity of the 
compounds of interest is known.
To prove that the response was based solely on the mass of the 
C l/B r and that the concentration of each compound could be 
determ ined with only one reference com pound, the following  
experiments were performed. Two solutions containing a mixture 
of chlorine compounds and another containing bromine compounds 
were prepared in pentane. The concentration of each compound in 
the solutions was fixed at 1.0 (ig/mL. One compound was chosen as 
an internal reference compound in each mixture, from which the 
quantitation of all other compounds in the mixture could be based. A 
ratio of the gram amount of halogen present in each compound 
relative to the internal standard was calculated. If the detector 
response is truly based on the gram amount of halogen present, then 
the ratio of the areas produced in the chromatograms should be the 
sam e as the halogen gram ratios calculated for each mixture. A
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deviation of 5 to 10 percent was considered acceptable to account 
for inaccuracies in solution preparation at such low concentrations 
as well as possible impurities in the compounds used.
The results of this study for the compounds containing either 
chlorine or bromine are shown in Table 5. From the data, the average 
error from the expected values was 4.0 percent for the Cl mixes and 
1.4 percent for the bromine mix. These values are well within the 
experim ental errors expected due to im purities or inaccurate  
preparation of solutions. Another factor was possible inaccuracies 
in the integrations. The results of this study were based on areas as 
determ ined by a Shimadzu CR3-A chromatography integrator. The 
maximum sampling rate of this system is one point every 0.1 
seconds, which is a limiting factor to accurate area determinations 
for peaks which elute on the order of 1-2 seconds. Nevertheless, the 
results of the experim ent strongly support the fact that the HDD  
detector response is based solely on the mole amount of Cl or Br 
present in each compound and is independent of the structure or 
chemical environment.
A major advantage of the HDD over other detectors is that the 
wavelengths can be switched to detect different elem ents with no 
other optim ization required. In contrast, the M IP requires time 
consuming effort to optimize conditions when switching elements,
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Table 5
Detector Response for Br and Cl Compounds
Compounds Theoretical Experimental Relative
Valued V a lu e b Error (%)
Cl Mix 1
ch loro form 1 .4 2 1.31 -8 .4
1 ,1 ,1 -tr ic h lo ro e th a n e 1 .2 7 1.27 0
1 ,2 -d ich lo ro p ro p an e* 1 .00 -------- --------
1 ,1 ,2 -tr ic h lo ro e th a n e 1 .2 7 1.25 -1 .6
te tra c h lo ro e th y le n e 1 .36 1.40 2 .9
1 ,1 ,2 ,2 -te tra c h lo ro e th a n e 1 .3 4 1.27 -5 .5
Cl Mix II
carbon tetrachloride 1 .65 1.67 1.2
tr ic h lo ro e th y le n e 1 .45 1.52 4 .6
1 ,3 -d ich lo rop ro pene(c is ) 0 .7 8 0 0 .8 1 7 4 .5
1 ,3 -d ich lo rop ro pene(trans ) 0 .3 2 2 0 .3 1 7 -1 .6
chlorobenzene 0 .5 6 4 0 .5 9 0 -4 .4
1 ,4 -d ic h lo ro b u ta n e * 1 .00 -------- --------
p-dichlorobenzene 0 .8 6 4 0 .8 2 8 4 .0
o-d ich lorobezene 0 .8 6 4 0 .7 8 6 -8 .9
Br Mix
1-brom opropane 0.821 0.831 1.3
dibrom om ethane 1 .160 1 .1 5 2 -0 .7
1 ,2 -d ib rom oethane 1 .0 74 1 .090 1.5
brom oform 1 .1 9 7 1 .2 54 4 .8
2 ,3 -d ib rom obu tan e 0 .9 3 4 0 .9 1 2 -2 .4
1 ,3-d ib rom opropane* 1 .000 --------
carbon tetrabrom ide 1 .2 1 7 1 .2 2 5 0 .7
1 ,4-d ib rom obutane 0 .9 3 4 0 .9 3 6 0.1
p-dibrom obenzene 0 .8 5 5 0 .8 6 0 0 .5
1 ,1 ,2 ,2 -te tra b ro m o e th a n e 1 .168 1 .1 64 - 0 . 3
a Ratio of gram amount of halogen in compound to that of the 
designated internal standard
b Average of three determinations based on area ratios 
* Used as internal standard
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and im proper optim ization can lead to a large decrease  in 
s e n s it iv ity .
In trying to identify compounds in a sample it is important that 
as much information as possible about the species be determined. 
With the HDD, samples can be run at several analytical wavelengths 
to determine possible elemental components. In this case, since the 
detector response is based solely on the mole amount of Cl and Br 
present, one should be able to determ ine the Cl/Br atom ratio in 
organic compounds containing both species using a single internal 
standard of known concentration to determine the relative moles of 
halogen present. These capabilities are not possible with detectors 
such as the ECD, since it responds to all halogens in a universal 
fashion.
The following experiment was performed to determine whether 
or not the ratio of halogens in the compounds could be determined 
using the HDD. A solution containing six bromochloro-compounds 
was prepared in pentane at a concentration of 1 pg/m l for each 
compound. The solution was chromatographed three times each on 
the chlorine and bromine w avelengths. An average value was 
obtained for the pg of Cl and Br in each compound using 2-bromo-1- 
chloropropane as the internal standard. From these values the 
relative number of moles of Cl and Br in each compound was 
determined. To determine the Cl/Br ratio, the moles of Cl for each
33
Table 6
Cl/Br  Ratios de te rm ined  for organobrom ochloro-com pounds
C O M P O U N D Relative Relative Cl/Br Cl/Br Error
moles Cl moles Br/theor 'l  (exp) (%)
brom odich lorom ethane 1.25 0.612 2.00 2.04 2.0
ch lorod ibrom om ethane 0 .474 0.939 0 .50 0.504
j
0.8
l -b ro m o -4 -ch lo ro b u ta n e 0.576 0.566 1.00 1.02 2.0
2 -brom ochlorobenzene 0.548 0.551 1.00 0.995 0.5
l -b rom o-2 ,3 -d ich lo robenzene  0.881 0.417 2.00 2.11 5.5
* As determined using 2-bromo-l-chloropropane as the internal standard
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compound was divided by the number of moles of bromine for that 
compound. The experimental Cl/Br mole ratios obtained are given in 
Table 6. In all cases the experim ental mole ratios agreed very 
closely to theoretical values.
These data validate that the HDD can easily be switched from 
the chlorine channel to the brom ine channel with the only 
optimization being the correct wavelength setting. The mole ratios 
of the compounds can be determ ined reliably. This feature is 
advantageous with respect to aiding in compound identification. The 
only other detector capable of determining the mole ratios of 
compounds is the M IP, but extensive optimization from elem ent to 
e lem ent is required for accurate determ inations as previously  
discussed. Thus, the HDD provides a simple and reliable means for 
determining the mole ratios of halogens in a compound.
Previous calibration tables for linear response used sets of 
chlorine and bromine compounds of varying concentration. Another 
alternative method to test the hypothesis of elemental response for 
the HDD is to look at the calibration table previously compiled and 
take the area of one of the compounds at a certain concentration and 
the area of a different compound at another concentration. If a set 
of different compounds over a range of concentration levels is 
plotted versus the area, a linear plot should be generated if the 
response is based solely on the weight of Cl or Br present. The main
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problem associated with this exercise is the pL sam ple injection 
sizes used for gas chrom atographic determ inations, although  
intended to be uniform, can vary by as much as ten percent. This 
deviation negates the validity of such a test.
Another way in which to test whether or not the detector 
response was based solely on the concentration of the Cl/Br was 
performed in the following fashion. A solution with five chlorine 
compounds and another with five bromine compounds were prepared 
with the halogen concentration from each compound in the solution 
at a d iffe ren t level. In the stock solutions, the halogen  
concentration from the five compounds were 2, 6, 20, 40, and 80 
n g / p l ,  with the first eluting com pound having the low est 
concentration and each subsequent one increasing in concentration. 
The stock solution was diluted 100 fold to give concentrations of 
20, 40, 200, 400, and 800 pg/pl as well. In effect a ten point 
calibration curve could be obtained from two injections. In this 
experiment 0 .5  pl_ injections were used. A typical chromatogram for 
the Cl calibration is shown in Figure 6. A plot was then made of the 
log of the relative area versus the log of the picograms of Cl or Br 
over the concentration range. The relationship was expected to be 
linear if the response is based solely on the mass of the Cl or Br 
present.
36
De
te
ct
or
 
Re
sp
on
se
Figure 6
Chromatogram for Cl Calibration Curve
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Cl Calibration Curve
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Br Calibration Curve
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Plots of the chlorine and bromine calibration curves are shown in 
Figures 7 and 8  respectively. The correlation coefficients ( 0 .99950  
for Cl and 0.99981 for Br) and slopes (0.945 for Cl and 0.987 for Br) 
c learly  suggest that the response is due strictly to the  
concentration of the chlorine and bromine and it is not affected by 
the chemical environment of the element or the concentration range 
used in the experiment. This is a great benefit over other detectors 
such as the FID and the ECD where a response factor for each 
individual compound or an individual calibration curve for each 
compound needs to be determined.
Besides verifying the fact that the detector response is based on 
the concentration of the Cl/Br, this experim ent was also another 
test of the linear response range. The bromine and chlorine 
compounds both spanned a concentration range over three orders of 
magnitude,and the response was linear.
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Chapter IV
Application of the GC-HDD System to the Determination 
of Organohalogen Compounds in Water
1. Introduction
Public concern over the problem of drinking w ater contaminated 
with m utagenic and carc inogen ic  com pounds has increased  
substantially over the past two decades. Much of this growing 
concern has come about due to increased knowledge about the degree 
of contam ination and the potential effects. The contamination  
problem in drinking water supplies becam e a major focus of the 
United States Environmental Protection Agency (EPA) in the early 
1970's after the release of a study by Mayes on the New Orleans 
w ater supply, which found trace amounts of several potentially  
harmful halogenated compounds . 19 The level of organics found in the 
drinking water supply was considered low enough as not to be a 
threat to human health. The study was significant for bringing 
several important questions to light, including: 1 ) how widespread  
was the problem or was the pollution problem an isolated case; 2 ) 
how did these contaminants get in the water supply; and 3) how 
might these levels of contamination affect human health over long 
periods of exposure. Many studies have been performed since the 
report on the New Orleans water supply was released in attempt to 
answer those questions.
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Shortly after the New Orleans study, two other EPA researchers 
published the results on the analysis of the Evansville, Indiana 
municipal drinking water supply .20 The purpose of this study was to 
d eterm ine  w hether the results found in New  O rleans w ere  
characteristic of other municipal water supplies. In determining the 
concentration of the contam inants in Evansville the researchers  
used the following procedure. The w ater samples they obtained 
w ere passed through an activated carbon filter, and then the filter 
was flushed out with chloroform. The extract was chromatographed 
through a GC equipped with a flame ionization detector. Although 
the detection limits were adequate, there were several drawbacks 
to the procedure. The trapping of the organics on the carbon filter 
was a time consuming procedure. Secondly, the activated carbon 
filter did not retain and then transfer all of the organics in yields 
necessary for detection at low levels.
In 1974, Bellar and Lichtenberg published an article on a process 
by which volatile organics could be determ ined at microgram/liter 
le v e ls .21 The process involved using a purge/trap technique to 
isolate the organics from water. This technique involves bubbling an 
inert gas through the water sample to purge the organics, which 
were then trapped on a Tenax adsorbent column. The organics were 
then thermally desorbed from the column into a GC equipped with a 
dual flame ionization detector and microcoulometric detector. This
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process successfully isolated compounds that were less than two 
percent soluble in water and had a boiling point under 150 degrees 
Celsius. Recovery studies indicated that at least 99 percent of the 
volatile organics were transferred through the purge/trap procedure. 
The organics could be detected at levels as low as 0.5 pg/liter (0.5  
ppb) for some compounds with an average detection limit of 1 .0  
pg/liter. The upper limit in concentration was approximately 2500  
jig/liter. Below 1 jig /liter was beyond the detection capabilities for 
most compounds, and above 2500 pg/liter the adsorbent column was 
saturated, resulting in low recoveries and a non-linear response.
Although the detection limits and reproducibility were very good 
for this procedure, there were several drawbacks. First of all, the 
Tenax trap was not good for detecting compounds with greater than 
nine carbons because of poor desorption from the trap, although this 
would not be a major concern if only testing for trihalomethanes. 
Another drawback of the technique was that the detector was not 
elem ent selective, thus contributions due to the various halogens 
were difficult to ascertain in complex chromatograms.
With this technique Bellar and Lichtenberg determined that the 
volatile organics were being formed in the water treatment process. 
W ater sam ples w ere collected throughout different stages in the
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w ater treatm ent plant. The volatile organics w ere not detected  
until after treatm ent with the chlorine.
In 1974, in the light of these initial studies, President Gerald  
Ford signed the Safe Drinking W ater Act. The act stated, "the 
administor shall conduct a com prehensive study of public w ater 
supplies and drinking water sources to determine the nature, extent, 
sources of, and means of control of contamination by chem icals...” 
In the same year a nationwide survey was performed to determine 
just how widespread the problem was by testing the water supplies 
of 80 cities .22  The National Organic Reconnaissance Survey (NORS) 
tes ted  the w a te r supplies for six com pounds: ch loroform ,
brom odichlorom ethane, dibrom ochlorom ethane, bromoform, carbon  
tetrachloride, and 1 ,2-dichloroethane. The method used to evaluate  
the organic content was based on the techniques previously  
discussed. The results of the study indicated that there was 
w idespread contam ination of w ater supplies with these volatile  
organic compounds. The median concentrations were 21 jj.g/1 for 
chloroform, 6  jj.g/l for brom odichlorom ethane, and 1 . 2  jig /I for 
dibrom ochlorom ethane. Bromoform was only found at detectable  
concentrations in 31 percent of the localities so no median value 
w as d e te rm in ed . In g e n e ra l, the h ighest tr ih a lo m eth an e  
contamination was found to occur in places where the raw water 
cam e from surface waters and chlorination was performed to the
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extent that the free chlorine was present at concentrations greater 
than 0 .4  mg/l.
The previous methods were proven to be very accurate techniques 
for determ ining the concentration of volatile organics in water. 
Another consideration is the time efficiency, since the previous 
methods required time consuming preconcentration steps. In an 
article published in 1977, Nicholson described a direct aqueous 
injection technique that has a detection limit at 1 pg/l or better for 
h a lo fo rm s .4 The primary advantage of this technique was that 60 
samples a day could be processed. The GC detector used was a 
scandium electron capture detector.
The direct aqueous injection technique was observed to give 
significantly higher total haloform concentrations than by the 
techniques of Bellar and Lichtenberg. The difference was too high to 
be attributable to losses in the purge/trap step. The difference  
appeared to be due to the fact that in the direct injection method 
there was no loss of higher molecular weight compounds, which gave 
a total potential haloform concentration.
In 1981, Coleman et al. discussed a process by which organic 
contaminants could be detected at a level of one part per trillion .2 3  
The process involved used the Grob closed loop stripping technique,
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in which the sample is purged by a carrier gas which is recycled in 
the process. The effluent was then detected using a glass capillary 
gas chromatograph/mass spectrometry system.
Another recent article by Kerr described a process which by­
passed the need for a preconcentration step .24  This procedure 
involved purging the sam ple onto a cyrogenically cooled silica 
capillary column. A nation drier tube was used to strip the water 
from the stream. The advantages of this process are speed as well 
as a decrease in the background contamination both due t o . the 
elimination of the absorbent trap step.
The MIP has also been utilized for element selective detection of 
halogenated organic compounds in water. In 1979, a study was 
published by Quimby et al., on the use of an atmospheric pressure 
helium microwave emission detection system .19 The apparatus used 
w as a purge/trap setup sim ilar to that used by B ellar and 
Lichtenberg. After being desorbed the effluent was then passed 
through the microwave emission detector.
Another study by Chiba et al. was similar to the work performed 
by Quimby several years earlier.25  Chiba modified the MIP system  
by having the GC eluents enter a preheated discharge tube that was 
maintained at 900°C . The pyrolytic tube was incorporated to ensure
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complete dissociation of the analyte molecules. Experimental data  
indicated that without the pyrolytic tube, the mole response to 
halogens was non-uniform, and Chiba proposed that this was due to 
incomplete decomposition of the analyte molecules.
Using the preheated tube the relative responses of the compounds 
were far superior to those obtained without heating. The results of 
Chiba's work tend to support the fact that without the preheated  
tube incomplete decomposition occurs. The limits of detection for 
the trace halogens in the drinking w ater ranged from 0.83 ng for 
chloroform  to 5 .5  ng for d ichlorobenzene at the Cl analytical 
wavelength and from 0.96 ng for bromodichloromethane to 2.4 ng of 
dibromobutane at the Br wavelength. The use of the preheated  
column appeared to be advantageous for the attainment of uniform 
response in terms of mole amount of halogen.
The major advantage of the MIP over previously discussed 
methods is the elem ent selectivity. The M IP has substantially  
poorer limits of detection than the electron capture detector, 
however the M IP response is directly proportional to the moles of 
halogen present. The MIP also has a linear response over four orders 
of magnitude, going from the limit of detection to the level where  
the plasma is quenched. Quimby felt that this detector should be the 
detector of choice for w ater analysis. The M IP has sufficient
47
sensitivity and has the advantage of being element selective. The 
major disadvantages of the M IP have already been discussed in 
previous sections.
Many processes have been briefly described to show the various 
alternatives for the determination of organohalogen compounds in 
w ater. All of these processes were able to produce adequate  
results, with several obtaining exceptionally low detection limits 
which would be advantageous if such determinations were needed. 
The HDD would appear to be an ideal detector for such species in 
water, thus experiments were devised to apply the previous results 
to the developm ent of simple techniques for the detection of such 
compounds in drinking water.
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2. Experimental
Extraction Procedure. No purge/trap apparatus as routinely used 
in volatile organohalogen compound determ inations in w ater was 
available, thus a simple and reproducible extraction procedure was 
developed to isolate the organohalogen compounds. A flow chart 
which outlines the procedure is shown in Figure 9. A 15 ml volume 
of pentane was added to a 100 ml w ater sample in a 250 ml 
separatory funnel and shaken vigorously for two minutes. The water 
was removed and 50 ml of 1M NaOH added to extract organic acids 
back into an aqueous layer. The pentane was then transferred to a 
25 ml Erlenm eyer flask and anhydrous N a2 S 0 4  added to remove 
residual water from the pentane. The pentane was then transferred 
to a graduated conical centrifuge tube, chilled in an ice bath, and 
evaporatively concentrated to 1 .0  ml under a constant dry nitrogen 
stream .
Recovery Studies. In order to assure that the organic compounds 
could be accurately quantitated the efficiency and reproducibility of 
the extraction procedure was evaluated. Preliminary screening of 
w ater extracts indicated that the primary organic species being 
e x t r a c t e d  w e r e  c h lo r o fo r m , b r o m o d ic h lo r o m e th a n e ,  
chlorodibrom om ethane, and bromoform. A spike solution was  
prepared containing 1 0 0  ng/ml in methanol of each of the above 
compounds. Unspiked 100 ml deionized water samples and samples 
spiked with 1 0 0  p.l of the methanol standard were extracted by the
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Figure 9
Flow C hart of W ater Extraction Procedure
2 min. I Extraction
2 min. I Extraction
Add 0.100 mL Int.Std. 
Dilute to 1.0 mL 
GC Analysis
15 mL Pentane
100 mL Water
50 mL 1 M NaOH
Pentane Extract
Pentane Transferred to 
25 mL Erl. Flask 
Dried w ith  N a oSO /.
Transfer to 15 mL 
Graduated Tube, 
Concentrate to 0.8 mL
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procedure previously described. The only m odification was to 
concentrate the extract down to approximately 0 . 8  ml, to which 1 0 0  
[l \ of a 2 . 0  pg/m l solution of 1 -chloro-2 -brom opropane in pentane
was added as an internal standard. The solution was then diluted to 
1.0 ml and chromatographed on the Cl and Br channels. Peak areas 
obtained from each respective compound were quantitated with the 
internal standard to determ ine extraction efficiency. No haloform  
species were detected from the unspiked water, indicating that all 
reagents used did not contribute to the haloform content of spiked or 
real w ater sam ples. The results of this study for triplicate  
determinations are given in Table 7. As expected the recovery, for 
chloroform was considerably less than the other haloforms due to 
the  g re a te r  vo la tility . N e v erth e les s , the reco veries  and  
reproducibility was considered sufficient to analyze  tap w ater 
samples for haloform content.
Relative limits of detection for the technique are also given in 
Table 7. Detection limits were calculated on the basis of a 100 ml 
sample concentrated to 1 .0  ml, a 1 .0  jil injection volume, and a 
signal to noise ratio of eight, which is the standard ratio for 
practical quantitative limits of detection. All of the haloforms can 
be detected at sub ppb levels.
W ater samples from a tap in the laboratory and a sample from 
Nags Head, N.C. were then analyzed for haloform content using the 
above procedures. A typical chromatogram showing both the Cl and
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Table 7
Recovery and Limits of Detection for the Haloforms 
in Water Using Extraction Techniques
compound % recovery* limits of detection (ppb)
CHCI3 38.6 ( 3.1) 0 .1 3
CHBrCI2 51.9 ( 3.3) 0 .1 5
CHBr2CI 70.5 ( 4.0) 0 .1 8
CHBr3 67.7 ( 2.1) 0 .2 3
Average of triplicate determinations (avg. deviation)
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Figure 10
C h ro m ato g ram  of W illiamsburg W a te r  Sample
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Br channels is shown in Figure 10 for the Williamsburg water as 
obtained from the laboratory. The results of this study from 
duplicate  sam ples are  given in Tab le  8 . Q uantitation for 
bromodichloromethane and chlorodibromomethane was performed on 
both the Cl and Br wavelengths to check the viability of using a 
single chlorobrom o in ternal standard for quan tita tion . The  
reproducibility was excellent regardless of w hether quantitation  
was based on Cl or Br unit area generated by the internal standard. 
One note of interest is the significantly higher levels of brominated 
species in the Nags Head water, which can probably be attributed to 
the more brackish nature of the ground water supply.
Humic Acid Reactions. Another interesting application of the HDD  
for the determination of organohalogen compounds is in the reaction 
products resulting from the ch lorination /brom ination of humic 
acids. These high molecular weight (>5000) organic acids are known 
to produce haloforms from chlorination processes and naturally 
occur in surface w aters from the decom position of biological 
m a tte r . 2 6
A simulation of chlorinating/brominating humic acids solutions 
w as perform ed in the following m anner. Purified humic acid 
(Aldrich) was weighed and dissolved in deionized water to give a 
concentration of 1.0 mg/l. A 100 ml volume of this solution was 
transferred to a 250 ml Erlenmeyer flask and 0.10 gr of NaBr and
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Table 8
H alo fo rm  C on cen tra tio n  (ppb) in D rinking  W ater
sam ple C H C I3 C H B rC I2 C H B r2C I C H B r3
W illiam sburg, Va.
#1 (Cl) 28.1 2 0 . 2 6 .8 --------
(Br) -------- 18.3 7.0 1 .6
# 2  (Cl) 28.1 19 .8 7.6 --------
(Br) -------- 2 0 .4 7.7 1.9
avg. 28.1 1 9 .7 7.3 1 .8
Nags Head, N.C. 
#1 (Cl) 17 .9 2 7 .0 22.1
(Br) --------------- 2 7 .4 2 2 . 0 4.2
# 2  (Cl) 16 .7 2 5 .4 20.9 —
(Br) --------------- 27.1 2 1 . 8 4.0
avg. 17 .3 2 6 .7 21.7 4.1
varying amounts of 5%  NaOCI solution (Fisher) added. The solutions 
were stirred for 15 minutes, stoppered, and allowed to react for 24 
hours. The mixtures were then extracted as previously described, 
with the addition of the internal standard for quantitation.
The results of the study are summarized in Table 9. A plot of the 
ha lo fo rm  c o n c e n tra tio n s  as a function  of h yp o ch lo rite  
concentrations is shown in Figure 11. As expected the haloform  
concentrations increased with greater hypochlorite concentrations. 
The bromoform concentration was exceptionally high (>7000 ppm) as 
opposed to chloroform (10-40 ppm), implying that the presence of 
bromide during chlorination processes has a significant impact on 
the particular haloform species produced.
These studies are only preliminary in nature and were intended 
prim arily  to dem o nstra te  the capab ilities  of the H D D  for 
quantitative determinations as applied to real world situations. The 
limits of detection could probably be enhanced over an order in 
magnitude by using purge/trap techniques as previously discussed
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Table 9
Haloform concentrations (ppm) from 
chlorination/bromination of humic acid
OCI- conc. (mg/100 ml) CHCIa- C H BrC I^ CHBrgCI
3 3 0
C HBra
3 5 1 1 5 7 7 4 3 0
7 0 23 1 3 0 7 3 0 7 8 6 0
1 4 0 29 1 8 0 1 0 4 0 8 6 7 0
2 8 0 3 5 2 2 0 1 7 7 0 7 5 5 0
5 6 0 4 2 3 4 0 1 8 3 0 5 1 6 0
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Figure 11
Plot of Haloform Cone. vs. Hypochlorite Cone.
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Chapter V 
Summary and Conclusions
The results of the experiments presented in this work have 
proven that the HDD is a viable detector for the elem ent-selective  
detection of organohalogen compounds. The limits of detection for 
the compounds selected (3 pg to 29 pg), linear range (3 to 4 orders 
of m agnitude), and e lem ent selectiv ity  m ake the H D D  very  
com petitive with traditional detectors such as the ECD and Hall 
detectors, and far superior to the MIP. In addition, the HDD is simple 
to operate, reliable, and easy to construct and m aintain. For 
example, the same quartz discharge tube was used throughout this 
entire work.
This research also supports the fact that the HDD response is 
based solely on the mole amount of halogen present in the compounds 
and not dependent on other factors such as the chemical environment 
of the compound. This allows quantitation to be performed with the 
use of a single internal standard. The only drawback of the 
technique is that the compound must be identified in order to 
translate the gram amount of halogen into the amount of compound 
present.
The HDD was also applied for the determination of trace 
organohalogen compounds in water samples. The relative limit of 
detection using extraction methods was found to be at the sub-ppb 
level. Detection limits for the volatile organohalogen compounds in
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water could probably be reduced by one to two orders of magnitude 
by the developm ent and incorporation of purge/trap techniques into 
the system. Such a process would eliminate solvent extraction and 
allow for the sampling of larger water samples (e.g. 1 liter) and 
more efficient transfer of the compounds to the GC.
O ne future area of research which should be pursued is 
improvement in the selectivity of the detector with respect to non­
analyte species. Ideally the selectivity should be greater than one 
thousand. Although the analytical wavelength for Cl is close to 
adequate, alternative wavelengths must be used for Br with a loss of 
sensitivity due to poorer response from the photomultiplier tube at 
higher, near IR w avelengths. A lte rn ative  m ethods of gas  
purification should be investigated to substantially reduce oxygen 
and nitrogen levels, which are the species suspected of producing 
molecular emission through some reactive combination with carbon 
from compounds as they elute into the discharge. A PM T with a 
higher response in the near IR is also a possible alternative.
Finally, the quantitative capabilities of the HDD should be tested 
and expanded to cover a much broader range of organohalogen  
compounds other than the simple aliphatic and aromatic compounds 
used in this investigation. Chlorophenols, halogenated pesticides, 
and halogenated polyarom atic compounds all constitute a much 
broader range of species which are routinely found in environmental 
analysis. The HDD could readily be applied to the determination of 
these species at trace levels comparable to ECD capabilities.
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